Purpose: To investigate whether variants in the lysyl oxidase-like 1 (LOXL1) gene are associated with exfoliation glaucoma (XFG) and primary open-angle glaucoma (POAG) in an ancestral population from South Africa. Methods: Black South African subjects with XFG, POAG, and age matched unaffected controls were recruited from the St. John Eye Hospital in Soweto, Johannesburg, South Africa, using standard clinical examination techniques. Fifty individuals were collected for each of the three groups: XFG, POAG, and normal controls. The complete coding region of LOXL1 was sequenced using the PCR-based Sanger method. The allele frequencies of the identified sequence variants were compared between XFG or POAG and controls using Fisher's exact test.
Glaucoma is a heterogeneous group of disorders that are defined by a shared characteristic of progressive loss of retinal ganglion cells, optic nerve cupping, and visual field loss. Glaucoma is the most common cause of irreversible blindness worldwide and primary open-angle glaucoma (POAG) is the single most common type [1] . POAG is a particular problem in people of African descent where it is more common, occurs at a younger age and progresses more rapidly [2] [3] [4] . Exfoliation glaucoma (XFG) is the most common identifiable cause of open-angle glaucoma [5] . XFG occurs in the context of exfoliation syndrome (XFS), a systemic condition characterized by pathological deposits of microfibrillar material within the anterior segment of the eye as well as in various extraocular tissues [6] . The prevalence of XFS and XFG varies widely in different populations. XFS is most
Correspondence to: R. Rand Allingham, M.D., Duke University Eye Center, Durham, NC, 27710; Phone: (919) 684-2975; FAX: (919) 681-8267; email: rand.allingham@duke.edu common in Greek [7] and Nordic populations with a prevalence of over 10% in Iceland that increases with age [8] . It is uncommon in African Americans [9, 10] , and virtually non-existent in West Africa [11] . However, XFG is the cause of approximately 16 to 20% of glaucoma in black South Africans [12, 13] . This ancestral population of speakers of southern Bantu languages can be subdivided into three distinct linguistic groups (Nguni, Sotho/Tswana, and Venda), but they are relatively similar genetically [14] .
In 2007 Thorleifsson et al. [15] , in their genome-wide association study, found a strong association between XFG/ XFS and common sequence variants in the lysyl oxidase-like 1 (LOXL1) gene on chromosome 15q24.1. Three significantly associated single nucleotide polymorphisms (SNPs) were identified: two nonsynonymous coding SNPs, rs1048661 and rs3825942, located in exon 1 of LOXL1, and an intronic SNP, rs2165241, located in intron 1 [15] . These findings have subsequently been replicated in numerous populations globally [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] , but to date there has not been a study of LOXL1 in an ancestral African population with XFG or XFS. Of the reported non-synonymous LOXL1 risk variants only rs3825942, which codes for an amino acid change from glycine to aspartic acid at position 153 (G153D), has been consistently associated with XFS and XFG [35] . Interestingly, this risk variant is the common variant in all populations studied to date and has an allele frequency that ranges between 80 and 90% in non-African populations [35] . In contrast, opposite alleles at the rs1048661 coding change have been found to be associated with an increased XFG risk in different populations [35] . The purpose of this study was to examine the role of LOXL1 sequence variants in a black South African population with XFG and POAG.
METHODS

Study participants:
This study adhered to the tenets of the Declaration of Helsinki. The research protocol was approved by the University of the Witwatersrand Human Research Ethics Committee (Johannesburg, South Africa; protocol number M080817). Southern African black participants with clinically diagnosed XFG or POAG and unaffected southern African control subjects were recruited from the St. John Eye Hospital in Soweto, Johannesburg, South Africa. Written informed consent was obtained from all participants. The home language of participants and that of their parents and grandparents was used to establish their ethnic affiliation. All participants underwent a standardized detailed ophthalmic examination by the same ophthalmologist (S.E.I.W.). The examination included measurement of intraocular pressure (IOP) by applanation, slit lamp biomicroscopy, gonioscopy, and dilated pupil examination of the lens and fundus. Subjects with XFG were defined as those with clinical evidence of exfoliation material on the pupil margin, anterior lens surface, and the presence of glaucomatous optic neuropathy and visual field loss. Subjects with POAG had evidence of glaucomatous optic neuropathy and visual field loss with open angles on gonioscopy and no evidence for a secondary cause for the glaucoma and no clinical evidence of exfoliation. Southern African subjects with normal anterior segment and optic nerve examination, an IOP of less than 18 mmHg and without clinical signs of exfoliation were recruited as control subjects.
DNA analysis: Genomic DNA was extracted using a salting out procedure from nucleated cells from the venous blood samples of all subjects [36] . Primers flanking the entire coding sequence of LOXL1 were either designed with Primer3 software [37] or as reported by Fan et al. [34] . Primer sequences are provided in Table 1 . A pair of primers was also designed to sequence a potential promoter variant rs16958477 based on a recent study [38] . All the primers were designed to cover at least 30 base pairs into the intronic region to cover potential sequence variants affecting exon splicing. All sequencing was performed using appropriately selected primers and conditions optimized in a standard fashion. Platinum Taq DNA polymerase (Invitrogen, Carlsbad, CA) was used for all the PCR reactions. The PCR reactions were performed in ThermoHybaid MBS 02, 02S, and 02G PCR machines (Thermo Scientific, Waltham, MA). . The final annealing temperature was raised to 56 °C for the 1c1, 1c2, and 1e primer reactions. Mg 2+ concentration was 2.0 mM for exon 7 PCR and 1.5 mM for all other reactions. Sequencing reactions were performed using BigDye® Terminator v3.1 Cycle Sequencing Kits and run on the ABI 3730 DNA analyzer (Applied Biosystems, Foster City, CA). All the sequence analysis was done by using the Sequencher 4.9 software package (Gene Codes, Ann Arbor, MI). Allele frequencies at rs1048661 and rs3825942 were confirmed by bi-directional sequencing with two sets of primers (1c1 and 1c2).
Statistical analysis: Hardy-Weinberg equilibrium (HWE) was examined separately among cases and control subjects using the exact test. The Fisher's exact test was used to test the allelic association of the SNPs with XFG and POAG. The Bonferroni correction was used to adjust for multiple testing. Taking into account 15 independent tests, the corrected significance threshold was 0.003. The asterisk indicates that nucleotides are numbered as in GenBank accession number BC015090 (coding) and AC108137 (genomic). The double dagger indicates significant after correction for multiple testing.
RESULTS
Fifty
XFG patients, fifty POAG patients, and fifty control individuals were recruited into this study. All XFG patients, POAG patients and controls were self-identified as black South Africans speaking a range of southern Bantu languages, including Pedi, Sotho, Tswana, Venda, Xhosa, Zulu, Swazi, Ndebele, and Tsonga. A summary of the clinical phenotypes are recorded in Table 2 .
All DNA samples were sequenced using Sanger's method. Identified LOXL1 sequence variants are listed in Table 3 for XFG and control individuals. The relative positions of the identified variants are shown in Figure 1 . All SNPs were in HWE (p>0.01) in the control group. The most The asterisk indicates that nucleotides are numbered as in GenBank accession number BC015090 (coding) and AC108137 (genomic).
significant association was identified between the common coding changes rs1048661 and rs3825942 and XFG (p=1.7×10 −5 and p=5.2×10 −13 , respectively), as shown in Table 4 . Importantly, the risk allele for rs3825942 was not the G allele described in other populations, but the A allele. While rs74026313, located in the fourth intron, was also associated with XFG (p=2.8×10 −4 ). These risk variants remained significant after correction for multiple testing (p≤0.003). Another coding change, rs3522 located in exon 7 was nominally associated with XFG (p=0.02) but did not survive correction for multiple testing. No association with rs16958477 was found (p=0.08; Table 3 ). This sequence change is located in the promoter region of LOXL1 and has been reported to be associated with XFG.
The functional impact of the two novel, but rare, exon 1 non-synonymous variants S159A and S161L were assessed in silico using PolyPhen and predicted to be benign (PSIC score difference 0.079) and possibly damaging (PSIC score difference 1.685), respectively.
Several coding variants including rs1048661 and rs3825942 were also identified in South African black POAG patients, as listed in Table 5 . No association was found between any LOXL1 sequence variants and POAG (p>0.05, Fisher exact test). The allele frequencies for the G allele of rs1048661 was 0.87 compared to 0.81 for controls (p=0.34) and for the G allele of rs3825942 was 0.60 compared to 0.58 for controls (p=0.88).
DISCUSSION
LOXL1 is one of the lysyl oxidase group of enzymes consisting of LOX and the LOX-like enzymes 1 to 4. As a group these enzymes are involved in the first step of the formation of cross-links in collagen and elastin. LOXL1 binds to fibulin 5 and tropoelastin at sites of elastogenesis to catalyze the cross-linking that forms elastin polymers [39] . Exon 1 of the LOXL1 gene encodes the unique NH2-terminal domain that is required both for proper enzyme activation and for substrate recognition and binding. It has been postulated that genetic variations in LOXL1 in this region may contribute to the formation of the pathological fibrillar aggregates accumulating in tissues of patients with XFG [40] .
Thorleifsson and coworkers [15] identified significant associations of XFS/XFG with the non-synonymous coding changes rs1048661 and rs3825942 in the Caucasian population. It has been hypothesized that one or both of these SNPs are causally involved in the pathobiology of XFS although no evidence beyond genetic association has been reported to date. However, several recent observations now argue against this hypothesis. Multiple studies reported that rs1048661 was not associated with XFS/XFG in all populations (Table 6 ) [32] [33] [34] . Furthermore, although the G allele of rs1048661 was associated with an increased XFS/ XFG risk in Caucasian populations, the opposite (T) allele was associated with an increased risk in the Chinese and Japanese populations (Table 6 ) [25] [26] [27] [28] [29] [30] [31] . Our finding for rs3825942 in the South African black population mirrors this previously reported result for rs1048661. Further evidence against a causal role of rs3825942 in XFG stems from reports that this SNP does not appear to affect LOXL1 gene expression levels in blood or ocular tissues [15, 41] and that it may represent a conservative substitution based on the in silico prediction programs Polymorphism Phenotyping (PolyPhen) and Sorting Intolerant From Tolerant (SIFT) [34] . Taken together, these data suggest that other functional risk factors in LOXL1 remain to be identified. Interestingly, XFS and XFG are rarely found in the African American and West African populations [10, 42] . Why XFS is so rare in persons of West African descent is puzzling, especially in light of a recent report confirming the presence of major LOXL1 risk variants in these populations [43] . The low XFS/XFG prevalence suggests that other genetic or environmental factors, and not just LOXL1, contribute to the pathogenesis of this condition. This is the first association study of LOXL1 in XFG patients performed in an ancestral African population. We have confirmed the association of the major non-synonymous coding variants rs1048661 and rs3825942 with XFS/XFG. However, in the black South African population, the risk at rs3825942 is the A allele not the G allele observed to increase risk in all other reported populations. Interestingly, in contrast to non-African populations with XFG, for whom the major (more common) allele confers an increased risk, the allele is the minor allele in this population. This finding suggests that none of the currently known sequence variants in LOXL1 may be critical for the exfoliation phenotype.
In summary, this study corroborates the genetic association of LOXL1 sequence variants with XFG in a South African black population and has generated two novel results. First, rs3825942 (G153D) risk allele is reversed in this population compared with non-African populations suggesting that this SNP may only be a proxy for the as yet unknown causal variant(s) in LOXL1. This finding is similar to previously reported results for rs1048661 in Asian populations. Second, we did not observe an XFG association with SNP rs16958477, which was hypothesized to affect the LOXL1 promoter activity. In light of our study and the work reported by others, further analysis of the promoter and other regulatory regions of the LOXL1 gene in the Caucasian, Asian, and African populations is warranted.
